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Abstract 

We consider a FRW cosmological model with an exotic fluid known 
as Chaplygin gas. We show that the resulting evolution of the uni- 
verse is not in disagreement with the current observation of cosmic 
acceleration. The model predict an increasing value for the effective 
cosmological constant. 

The discovery that the expansion of the universe is accelerating Q has 
promoted the search for new types of matter that can behave like a cos- 
mological constant [Q, ^ by combining positive energy density and negative 
pressure. This type of matter is often called "quintessence". 

Since in a variety of inflationary models scalar fields have been used in 
describing the transition from the quasi-exponential expansion of the early 
universe to a power law expansion, it is natural to try to understand the 
present acceleration of the universe, which has an exponential behaviour 
too, by constructing 

models where the matter responsible for such behaviour is also repre- 
sented by a scalar field [0]. However, now we deal with the opposite task. 
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i.e. we would like to describe the transition from a universe filled with dust- 
like matter to an exponentially expanding universe, and scalar fields are not 
the only possibility but there are (of course) alternatives. In particular, one 
can try to do it by using some perfect fluid but obeying "exotic" equations 
of state. 

In this short letter we consider an example of this type: the so-called 
Chaplygin gas. Under this name we mean a perfect fluid having the following 
equation of state: 

P = (1) 

where p and p are respectively pressure and energy density in a comoving 
reference frame, with p > 0; A is a positive constant. This equation of state 
has raised recently a certain interest ^] because of its many interesting and, 
in some sense, intriguingly unique features. Indeed Eq. (|T|) has an amusing 
connection with string theory and it can be obtained from the Nambu-Goto 
action for d-branes moving in a (d -|- 2)-dimensional spacetime in the light- 
cone parametrization Also, the Chaplygin gas is the only fluid which, up 
to now, admits a supersymmetric generalization ||7[ ^. We ourselves came 
across this fluid when studying the stabilization of branes |1C] in black 



hole bulks |11]. We found that to obtain stabilization it is necessary to add 
matter on the branes which again obeys the equation of state 

For these reasons we have undertaken the simple exercise of stydying a 
FRW cosmology of a universe filled with a Chaplygin gas. The metric of a 
homogeneous and isotropic universe is usually written as follows 

ds"^ = dt^ - a^{t)df, (2) 

where dP is the metric of a 3-manifold of constant curvature (K = 0, ±1), 
and the expansion factor a{t) evolves according to the Friedmann equation 

— = P-—- 3 

Energy conservation 

d{pa^) = -p d{a^) (4) 
together with the equation of state (|l|) give the following relation: 

(5) 
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where B is an integration constant. 

By choosing a positive value for B we see that for smah a (i.e. <C B/A) 
the expression (|5|) is approximated by 



P 3- 6) 



that corresponds to a universe dominated by dust-hke matter. For large 
values of the cosmological radius a it follows that 



p ~ VA, p ~ -VA, (7) 

which, in turn, corresponds to an empty universe with a cosmological con- 
stant y/A (i.e a de Sitter universe). In the flat case it is possible also to find 
exact solutions as follows: 



a + ^+^Va ^ I ^ 

^ , In \ 2 arctan^/ 1 + — r I (8) 

gVA \ yi^_4^ V ' 

Note that V A solves the equation 

p + p = p-- = 0. (9) 
P 

The circumstance that this equation has a nonzero solution lies at the heart 
of the possibility of interpreting the model as a "quintessential" model. If 
this model were realistic we could estimate the constant A by comparing our 
expressions for pressure and energy with observational data. An indirect 
and naive way to do it is to consider the nowadays accepted values for the 
contributions of matter and cosmological constant to the energy density of 
the universe. To use these data we decompose pressure and energy density 
as follows: 

P = PA+PM = -A, (10) 

P = PA + PM = + PM- (11) 

An application of Eq. (Q) gives 

A = A{A + pm). (12) 

If the cosmological constant contributes seventy percent of the energy we get 
^/A ~ 1.2 A. We now observe that, in the context of a Chaplygin cosmology, 
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once an expanding universe starts accelerating it cannot decelerate any more. 
Indeed eqs. (|3|) and (^) imply that 

- = -\{p + ^p)- (13) 
a Z 

Condition a > is equivalent to 

which is obviously preserved by time evolution in an expanding universe. 
It thus follows that the observed value A of the (effective) cosmological 
constant will increase up to 1.2 A. 

Considering now the subleading terms in Eq. ^ at large values of a 
(i.e. ^ B/A), one obtains the following expressions for the energy and 
pressure: 




(15) 
(16) 



Eqs. (15) and ( p!6| ) describe the mixture of a cosmological constant ^/A with 
a type of matter known as "stiff" matter, and described by the following 
equation of state: 

p = p. (17) 

Note that a massless scalar field is a particular instance of stiff matter. 
Therefore, in a generic situation, a Chaplygin cosmology can be looked at 
as interpolating between different phases of the universe: from a dust domi- 
nated universe to a de Sitter universe passing through an intermediate phase 
which is the mixture just mentioned above. The interesting point however 
is that such an evolution is accounted by using only one fluid. 



In recent series of paper ||1^ a similar type of evolution has been de- 
scribed, where the universe passes from a dust dominated epoch to a de 
Sitter phase through an intermediate phase described as mixture of cosmo- 
logical constant and radiation. In the mechanism responsible for this 
behaviour is different from ours and is based on the quantum corrections to 
the effective action of a massive scalar field. However these corrections lead 
to a "standard" equation of state in the form of a mixture. We can repro- 
duce this type of evolution by a slight modification to our "exotic" equation 
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of state (|T]), namely 



P 



C_ 

VP 



(18) 



The obvious generalization p = —Cp~°' (with a > — 1) gives a similar evo- 
lution from dust to cosmological constant with an intermediate epoch that 
can be seen as a mixture of a cosmological constant with a fluid obeying the 
state equation p = ap. 

For open or flat Chaplygin cosmologies {K = —1,0), the universe always 
evolves from a decelerating to an accelerating epoch. For the closed Chaply- 
gin cosmological models (K = 1), the Friedmann equations (^) and (13) say 

that it is possible to have a static Einstein universe solution oq = (3A)~4 
provided the following condition holds: 



B 



3V3Z 



(19) 



When B > , the cosmological radius a(t) can take any value while if 



B < 



3V3A 



there are two possibilities: either 

1 

a < ai 



or 



a > a2 



V3 



sm ■ 



cos ■ 



2 If 

-;= COS — , 

/3A 3' 



(20) 



(21) 



where ip = tt — arccos 3\/3^-B/2. The region oi < a < 02 is not accessible. 

Results connected to those presented in this letter have been obtained by 
Barrow |1^, 14, 15, 16| who has considered cosmologies with fluids admitting 
a bulk viscosity proportional to a power of the density. 

In the flat K = case the FRW equations for Chaplygin fits in Bar- 
row's scheme as a special case [14| and indeed a transition from power law 
to exponential expansion is noticed already in 



MM- 



However since the 

state equation for the corresponding fluid is different from our Eq.(|^) this 
coincidence of the solutions is destroyed by any small perturbation, for in- 
stance by a small spatial curvature or by adding another matter source. We 
mention also that the role of the Chaplygin-like behaviour in cosmology was 
also noticed in Ref. [18, 19]. 
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Following |T^] we now try to find a homogeneous scalar field and 
a potential V{(f)) to describe the Chaplygin cosmology. Let us consider 
therefore the Lagrangian 

m = - (22) 
and set the energy density of the field equal to that of the Chaplygin gas: 



/o</. = ^<^' + n0) = y^+^- (23) 

The corresponding "pressure" coincides with the Lagrangian density: 
It immediately follows that 

(25) 



and 



2a6 [a+^\-B 

V{4>) = ^ , ' ^ ■ (26) 

2aSM + 



B 

Now let us restrict ourselves to the flat case = 0. In this case Eq. (|25|) 
also implies that 

where prime means differentiation w.r.t. a. This equation can be integrated 
and it follows that 

6 _ 4i3exp(6</.) 
A{1 - exp(6(/>))2 ■ 

Finally, by substituting the latter expression for the cosmological radius in 
Eq. (26) one obtains the following potential, which has a surprisingly simple 
form: 

y(</,) = lVlfcosh30 + (29) 



cosh3(/)^ 

Note that the potential does not depend on the integration constant B and 
therefore it reflects only the state equation (||) as it should. 
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In conclusion Chaplygin cosmology provides an interesting possibility to 
account for current observations about the expansion of the universe. It 
predicts also that the cosmological constant will increase (or that it was less 
in the past) and this could in principle be observed. Of course to take this 
model seriously one should have a good fundamental reason to believe in 
Eq. d). 
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